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Abstract—A practical method for the design of dual-band 
decoupling and matching networks (DMN) for two closely spaced 
antennas using discrete components is presented. The DMN 
reduces the port-to-port coupling and enhances the diversity of 
the antennas. By applying the DMN, the radiation efficiency can 
also be improved when one port is fed and the other port is 
match terminated. The proposed DMN works at two frequencies 
simultaneously without the need for any switch.  As a proof of 
concept, a dual-band DMN for a pair of monopoles spaced 0.05λ 
apart is designed. The measured return loss and port isolation 
exceed 10 dB from 1.71 GHz to 1.76 GHz and from 2.27 GHz to 
2.32 GHz.  
Keywords- Closely spaced antennas; mutual coupling; dual 
band; decoupling and matching network. 
I.  INTRODUCTION 
When multiple antennas are designed for mobile systems, 
the space between the antennas is limited and mutual coupling 
between the antennas may affect the system performance [1], 
[2]. Therefore, high port-to-port isolation and acceptable port 
return loss are desirable [3]. To achieve this objective, decoup-
ling and matching networks (DMNs) are used [3]-[11]. DMNs 
are desined using the driving point impedances for multiple 
antennas excited by their eigenmodes. Coupler-based DMNs 
provide orthogonal radiation patterns, but can occupy a large 
area [4]-[7]. Alternative approaches can provide flexible and 
compact designs [3], [8]-[11]. Conventional DMNs are largely 
restricted to single band designs. However, dual-band 
decoupling has recently been proposed [12], where single band 
components were replaced by dual-band elements. The design 
requires a large number of discrete components, and has shown 
to be sensitive to component tolerances. A reconfigurable 
DMN was proposed to achieve dual-band operation [13]. 
Switches used in both antennas and in the DMN introduce 
additional losses and simultaneous dual-band performance is 
not viable. Tunable DMNs using varactors were presented in 
[14] and [15].  
In this work, a dual-band DMN using discrete components 
for two coupled antennas is developed based on the authors’ 
earlier work [15]. Design procedures and practical issues are 
discussed in detail. The procedure can be further extended to 
multi-band DMN designs. As an example, a 2-element array 
with an element spacing of 0.05λ and its DMN are designed. 
The measured |S11|, |S22| and |S21| are −18 dB at 1.73 GHz and −12 dB at 2.3 GHz. 
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Fig. 1. Schematic of (a) single band DMN, (b) proposed dual-band DMN,   
(c) layout of the dual-band DMN. 
The radiation efficiency at the two frequencies is 92% and 74% 
for port 1, and 91% and 77% for port 2. 
II. DUAL-BAND DMN DESIGN 
The schematic of the single band DMN is shown in Fig. 
1(a). The proposed dual-band DMN and its layout are shown in 
Fig. 1(b) and (c), respectively. The component values of L1, C1, 
and C2 can be found from [15]. In order to obtain dual-band 
operation, C1 is replaced by a network consisting of Cp, Cs and 
Ls as shown in Fig. 1(b). This network can be used to represent 
an equivalent capacitance of C1' at the lower frequency fL and 
C1" at the higher frequency fH. Note that C1' > C2', while L1 and 
C2 remain unchanged. The values of the components are given 
by 
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where r is the frequency ratio fH/fL.  
When the DMN is used, the effective radiated power Pre is 
increased, where Pre is defined as [3]: 
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The objective is to maximize Pre. 
 
Fig. 2. Real part and imaginary part of the even-mode impedance Ze.
Fig. 3. Transformation of Ze  using a transmission line section. 
The steps in the design procedure of the proposed dual-
band DMN at two frequencies fL and fH for two closely spaced 
antennas are introduced together with an example. 
1) Set the design frequencies fL and fH. Select a frequency f0 
between fL and fH. This is the frequency where L1, C1, and 
C2 are calculated. From our experience, f0 should be closer 
to fL. In our design example, fL = 1.8 GHz, fH = 2.4 GHz, 
and f0 = 1.9 GHz. 
2) Obtain the Z parameters of the antennas by measurement 
or simulation. Determine the even-mode impedance: Ze = 
Z11 + Z12. For the two antennas shown in Fig. 1(c), we 
choose LA = 26 mm, and S = 8.35 mm (0.05λ at 1.8 GHz). 
The values for Ze as simulated by Ansys HFSS, are shown 
in Fig. 2. 
3) Use an appropriate network to transform Ze so that the real 
part of Ze is equal to Z0 =50 Ω at f0. The original value of 
Ze at 1.9 GHz is 68.57−j39.19 Ω. The transmission line 
section (TL) transforms Ze to 50−j36.87 Ω at 1.9 GHz, as 
shown in Fig. 3.  
4) Calculate C1, C2 and L1 at f0 using the formulas provided in 
[15]. The results are listed in Table I for the example. 
 
Fig. 4. Frequency where Pre>90% as function of C1. 
 
Fig. 5. Cs and Ls as function of Cp.
TABLE I. DESIGN PARAMETERS USED IN THE EXAMPLE
C1 C2 L1 Cp Cs Ls
2.51 pF 3.68 pF 3.09 nH 2.2 pF 0.36 pF 7.8 nH
 
5) Set the requirement for the effective radiated power, 
and vary C1 to find the frequency where this requirement 
is met. In the example, the requirement is set to Pre  > 90%, 
which means that the total of reflected power and power 
coupled to other ports is less than 10%. C1 is varied, and 
for each value, the frequency where Pre = 90% is recorded 
and shown in Fig. 4. Note that L1 and C2 remain 
unchanged. 
6) Find the required values of C1 at fL and fH and denote them 
as C1' and C1", respectively. According to Fig. 4, C1'=3.47 
pF and C1"= 0.89 pF for our example. 
7) Select a value for Cp and substitute C1' and C1" in 
Equations (1) and (2) to find Ls and Cs. The values of Ls 
and Cs are plotted as a function of Cp in Fig. 5. In order to 
have a small inductance, we select Cp = 2.2 pF, and the 
resulting Ls and Cs are listed in Table I. 
By using the components of Table I, the dual-band DMN is 
designed, and the simulated effective radiated power Pre is 
shown in Fig. 6. As a comparison, the Pre for the single band 
DMN at f0=1.9 GHz is also shown.  
 
Fig. 6. Radiation efficiency of single and dual-band DMNs. 
       
(a) (b) 
Fig. 7. (a) TL inserted between DMN and antennas (b) Ze for different TLs.
Note that component loss and substrate loss are not included in 
Fig. 6. When a multi-band design is required within the 
frequency range specified in Fig. 4, appropriate networks to 
represent C1 at the multiple frequencies can be used. 
III. PRACTICAL IMPLEMENTATION ISSUES 
In practical implementations, the network used in step 3 of 
the design procedure to obtain Re(Ze)=50 Ω influences the 
DMN performance. It also affects the choice of the DMN 
component values in step 4. The simplest network to satisfy 
this condition is a microstrip transmission line section (TL) 
with length L and width W, as shown in Fig. 7(a). Fig. 7(b) 
shows the normalized even-mode impedance. For each length 
L, there is an appropriate width W which will satisfy the 
condition Re(Ze)=50 Ω. In other words, there are multiple 
combinations of L and W which satisfy the condition. This is 
also illustrated in Fig. 7(b) by the three points with different 
TLs.  
Further investigations of the dual-band DMN performance 
were performed for five different values of W and three 
different antenna lengths LA. The six steps outlined in Sec. II 
were repeated for all 15 cases to determine the achievable 
frequency range, with the results shown in Fig. 8. In all 
designs, S is 8.35 mm. Another 15 DMN designs were studied 
with S increased to 16.7 mm. However, no significant 
improvement was found. The maximum directivity for S = 8.35 
mm is also plotted in Fig. 9 for the 15 cases. For all cases, one 
port is fed by a 50 Ω power source and the other port is  
 
Fig. 8. Frequency range when S=8.35 mm with Pre>90%. 
 
Fig. 9. Directivity for different W, LA for S= 8.35 mm. 
terminated with a 50 Ω load. Similar radiation patterns were 
found for different cases. The design consideration thus mainly 
concerns the achievable frequency range. 
IV. EXPERIMENT AND MEASURMENT 
Two antennas with a spacing of 8.35 mm (0.05λ at 1.8 GHz) 
were designed on FR4 substrate. MuRata GJM1555 capacitors 
and LQW15A inductors were used to realize the dual-band 
DMN. TRL calibration was applied to measure the Z 
parameters of the two coupled antennas and the dual-band 
DMN design procedure was used to find all component values. 
During the design, all components and TLs were either 
measured or EM-simulated using Ansys HFSS. A photograph 
of the fabricated array and DMN is shown in Fig. 11.  
The measured port isolation, return loss and the estimated 
radiation efficiency Pre are shown in Fig. 12 and Fig. 13. A 
small frequency shift is observed. The measured |S11|, |S22| and 
|S21| are below −10 dB from 1.71 GHz to 1.76 GHz and from 
2.27 GHz to 2.32 GHz. At 1.73 GHz, the maximum radiation 
efficiency is 92% for port 1 and 91% for port 2. At 2.3 GHz, 
the efficiency is 74% for port 1 and 77% for port 2. As  
reference, the single band DMN reported in [11] has an 
efficiency of around 80% at 2.45 GHz.  
 
Fig. 11. Photograph of the fabricated array and dual-band DMN. 
 
Fig. 12. Measured S parameters of the decoupled and matched antennas.
 
Fig. 13. Estimated Pre considering the component loss and substrate loss.
In the efficiency estimation, the simulated loss from discrete 
components is around 2% at 1.73 GHz and 4% at 2.3 GHz, and 
the simulated loss from the FR4 substrate is around 5% at 1.73 
GHz and 10% at 2.3 GHz. 
V. CONCLUSION 
The design procedure for a dual-band DMN for two closely 
spaced antennas is presented. As an example, the procedure for 
a design at 1.8 GHz and 2.4 GHz is illustrated step by step. The 
covered frequency range for a radiation efficiency of 90% is 
considered. Then practical implementation issues are discussed, 
and it is found that for two coupled antennas, different DMNs 
are possible. The performance depends on the actual design of 
the DMN. The measured dual-band DMN and antennas have a 
return loss and isolation larger than 10 dB from 1.71 GHz to 
1.76 GHz and from 2.27 GHz to 2.32 GHz, which successfully 
demonstrates the concept. 
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